The anisotropic magneto-Peltier effect (AMPE) and anomalous Ettingshausen effect (AEE) have been investigated in U-shaped Ni thin films of varying thickness and substrate by means of the lock-in thermography (LIT) method. We have established a procedure to extract pure AMPE and AEE contributions, separated from other thermoelectric effects, for ferromagnetic thin films. The measurements of the magnetic-field-angle θ H dependence of the LIT images clearly show that the temperature modulation induced by the AMPE (AEE) in the Ni films varies with the cos2θ H (cosθ H ) pattern, confirming the symmetry of the AMPE (AEE). The systematic LIT measurements using various substrates show that the AMPE-induced temperature modulation decreases with the increase in thermal conductivity of the substrates, whereas the AEE-induced temperature modulation is almost independent of the thermal conductivity, indicating that the heat loss into the substrates plays an important role in determining the magnitude of the AMPE-induced temperature modulation in thin films. Our experimental results were reproduced by numerical calculations based on a two-dimensional finite element method. These findings provide a platform for investigating the AMPE and AEE in thin film devices.
between the area B L/R satisfying M J c and the area B C satisfying M || J c , while the AEE signal appears in B L/R [Figs. 1(a) and 1(b) ]. Therefore, the AMPE and AEE can be separated from each other by the position or spatial distribution of temperature-modulation signals. The magnitude of the AMPE and AEE signals increases with increasing |H| following the magnetization curve of the Ni films and becomes constant after the saturation field. Importantly, the AMPE (AEE) signals exhibit the even (odd) dependence on the H sign when M is along the x direction [Eqs. (1) and (2)] [41] . In this paper, we focus on the bulk thermoelectric conversion properties and neglect interface/surface effects because the thickness of the Ni films used here is much larger than typical electrons' spin or magnon diffusion lengths.
The measurements of the AMPE and AEE in the Ni films were performed by using the LIT method [ Fig.   1 (c)] [38] [39] [40] [41] [42] [43] [44] [45] [47] [48] [49] . In the LIT experiments, we measure the spatial distribution of infrared radiation thermally emitted from the sample surface with high temperature and spatial resolutions, enabling quantitative measurements of the AMPE-and AEE-induced temperature modulation in the Ni films. To enhance infrared emissivity, the surface of the samples was coated with insulating black ink, of which the emissivity is > 0.95. During the LIT measurements, a square-wave-modulated AC charge current with the amplitude J c , frequency f, and zero DC offset was applied to the Ni films and the sample was fixed on an Al block, which can be regarded as a heat bath. The thermal images oscillating with the same frequency as the input charge current were then extracted through Fourier analysis. The contribution of the thermoelectric effects (J c ) can be separated from the Joule-heating background (J c 2 ) by extracting the first harmonic response of the thermal images, since the Joule heating generated in this condition is constant with time. As a result of the Fourier analysis, the obtained thermal images were transformed into the lockin amplitude A and phase  images. The A image shows the distribution of the magnitude of the current-induced temperature modulation and the  image shows the distribution of the sign of the temperature modulation in addition to the time delay due to thermal diffusion, where A and  values are defined in the ranges of A 0 and 0° < 360°, respectively. The detected infrared radiation is converted into temperature information through the calibration method shown in Ref. [41] . The LIT images were measured while applying H with a magnitude of H = 100 Oe to the Ni films in the x-y plane at an azimuthal angle θ H from the +x direction [ Fig. 1(b) ], where |H| is much higher than the saturation field of the films. All the measurements were carried out at room temperature and atmospheric pressure.
The measurements of the magnetic-field-angle θ H dependence of the temperature modulation enable the pure detection of the AMPE and AEE and the demonstration of their symmetries. To discuss the symmetries of the AMPE and AEE, it is necessary to note the relations between θ M and θ H . As shown in Fig. 1(b 
III. RESULTS AND DISCUSSION

A. Fundamental measurements and analyses
In Figs. 2(a)-2(d), we show the A and  images for the U-shaped 100-nm-thick Ni film on the glass substrate for θ H = 0º, 90º, 180º, and 270º, respectively, measured at f = 25 Hz and J c = 40 mA. To determine the positions of the AMPE-and AEE-induced heat sources/sinks, the lock-in frequency f was fixed at the maximum value, because the temperature broadening due to thermal diffusion is reduced by increasing f, where the maximum f value for the frame size used in this study (640  512 pixels) is 25 Hz. A clear charge-current-induced temperature modulation was observed to appear in the Ni film at all the θ H values. As discussed above, to separate the AMPE (AEE) contributions, we extracted the component showing the cos2θ H (cosθ H ) symmetry from the raw LIT images, where the LIT amplitude and phase of the cos2θ H (cosθ H ) component are denoted by A AMPE(AEE) and  AMPE(AEE) , respectively. Figure 2 (e) shows the A AMPE and  AMPE images for the U-shaped 100-nm-thick Ni film on the glass substrate at θ H = 0º. We observed clear temperature-modulation signals with the cos2θ H symmetry, which are generated predominantly around C L /R of the U-shaped structure and the sign of the temperature modulation at C L is opposite to that at C R because of the  AMPE difference of ~180°. This behavior is consistent with the characteristic of the AMPE in ferromagnetic metal slabs [41] . We also confirmed that the sign of the temperature modulation at C L/R for the Ni film is the same as that of the AMPE signals for the Ni slab [41] . The detailed behaviors of the AMPE in the Ni film will be discussed in Sec. IIIB with showing the θ H dependence of the A AMPE and  AMPE images. In contrast, as shown in the A AEE and  AEE images in Fig. 2 (f), the signal with the cosθ H symmetry is generated primarily on the area B L/R of the U-shaped structure, where M  J c . The  AEE difference between B L and B R was observed to be ~180°. The behavior of this temperature modulation is consistent with the characteristic of the AEE in in-plane magnetized (IM) ferromagnetic metals [39, [41] [42] [43] . The detailed behaviors of the AEE in the Ni film will be discussed in Sec. IIIC. Here, we also note that the background signal in the raw LIT images. In Figs. 2(a)-2(d), in addition to the AMPE and AEE signals, a complicated patchy pattern was observed to appear on the whole surface of the Ni film, although no patchy pattern signals were observed in the previous measurements using Ni slabs [41] . 
B. Anisotropic magneto-Peltier effect
Here, we report the systematic measurements of the AMPE-induced temperature modulation in the Ni films. A AMPE cos AMPE represents the temperature modulation with sign information if the phase delay due to thermal diffusion is negligibly small. The ΔT AMPE signal varies with θ H in a cos2θ H pattern at both C L and C R and its sign reverses between C L and C R for each θ H value. As discussed in Sec. II, this θ H dependence of the temperature modulation is consistent with Eq. (1), confirming the symmetry of the AMPE. The behavior of the transverse response of the AMPE, i.e., a planar Ettingshausen effect, for the Ni films is also consistent with that for the Ni slab and previous expectations [41] ; the magnitude of the temperature gradient along the x (y) direction in B L/R (B C ) becomes minimum (maximum) at θ H = 0° and 90° (θ H = 45°). We also found that the f dependence of the AMPEinduced temperature modulation for the Ni films is similar to that for the Ni slabs without substrates [41] ; the magnitude of A AMPE at C L and C R gradually increases with decreasing f with accompanying the temperature broadening due to thermal diffusion [Figs. 3(c), 3(d), 3(f), and 3(g)]. All the experimental results shown in Fig. 3 conclude that the AMPE-induced temperature modulation is detectable even in thin film ferromagnets formed on substrates.
To understand the effect of thermal properties of the substrates on the AMPE-induced temperature modulation, we performed LIT measurements using Ni thin films on different substrates. modulation, its magnitude in the Ni films on the GGG and sapphire substrates was observed to be much smaller than that on the glass substrate. We found that the magnitude of the AMPE signals monotonically decreases with increasing the thermal conductivity of the substrates  sub [see the  sub dependence of A AMPE /j c at C L of the Ni thin films in Fig. 4(h) , where j c represents the charge current density applied to the Ni films, and the  sub values are listed in Table I ]. As shown in Figs. 4(d)-4(g), the f dependence of the AMPE-induced temperature modulation for the thin films becomes weaker with increasing  sub . These behaviors are attributed to the heat loss from the Ni films to the substrates, which increases with increasing  sub in this measurement condition, indicating that the magnitude of the AMPE-induced temperature modulation in thin films is determined by the ratio between the amount of heat sources/sinks generated by the AMPE and the heat loss to surroundings. In fact, we confirmed that the magnitude of the AMPE signals per unit charge current density increases almost linearly with increasing the thickness of the Ni films for all the substrate species [ Fig. 4(i) ]. These results are reproduced by the numerical calculations shown in Sec. IIID. Our findings conclude that the magnitude of the AMPE-induced temperature modulation in thin film devices is determined not only by thermoelectric properties of the films but also by the film dimensions and thermal boundary conditions and that substrates with lower thermal conductivity are better for obtaining larger AMPE signals in thin films. Importantly, the direct observation of the AMPE in thin films makes it possible to investigate the AMPE in various materials and conditions, because one can obtain the information on the sign and relative magnitude of the anisotropy of the Peltier coefficient even from thin film samples as long as the same substrate is used.
C. Anomalous Ettingshausen effect
Now, we are in a position to investigate the AEE in thin films and clarify its behaviors. To confirm the symmetry of the AEE signal, we have systematically explored the θ H dependence of the AEE-induced temperature modulation. Here, we note that, in the A AEE and  AEE images, the contribution coming from the ordinary Ettingshausen effect is negligibly small because of the small magnitude of the external magnetic field [41] . The f dependence of the A AEE and  AEE images is also consistent with the recently-observed behavior of the AEE in IM ferromagnetic metal films [39, [41] [42] [43] . This result shows that the AEE-induced temperature modulation immediately reaches a steady state, a behavior which is similar to that of the spin Peltier effect where the spin-current-induced temperature modulation immediately reaches a steady state due to the presence of dipolar heat sources [38] . The difference in the f dependence between the AMPE and AEE arises from the aspect ratio of the samples. The AEE induces a heat current along the thickness direction of the Ni films, while the AMPE along the lateral directions. Since the thickness of the Ni films is three orders of magnitude smaller than the lateral size, the AEE-induced temperature change reaches the steady state much faster than the AMPE-induced one, resulting in the constant f dependence of the AEE signals. properties of the substrates [50] . This is unlike the AMPE-induced temperature modulation where the AMPE signal decreases with the increase in  sub , confirming the different symmetry of the AMPE and AEE. As further discussed in Sec. IIID, the observed behaviors can be reproduced by taking the difference in heat-source/sink distributions induced by these phenomena into account. It should also be noted that, in Refs. [39, 42] , the AEE-induced temperature modulation in the perpendicularly magnetized (PM) configuration, where the heat current is generated along the in-plane direction, was shown to be strongly affected by the heat loss to the substrate, which is different from the behavior for the AEE in the IM configuration. Therefore, the AEE signals in the PM configuration is expected to be increased with decreasing  sub in a similar manner to the  sub dependence of the AMPE signals. In Figure 6 (i) shows that the AEE signals also increase linearly with increasing the film thickness for all the substrates. This thickness dependence of the AEE signals is consistent with the results in Ref. [43] and explained simply by the facts that the out-of-plane heat current induced by the IM-AEE is constant in the Ni films and that the resultant temperature difference is proportional to the integral of the heat current over the Ni thickness.
D. Numerical calculations
To confirm the observed dependences of the AMPE and AEE signals in the Ni films on the film thickness and  sub , we calculated the AMPE-and AEE-induced temperature distributions by using a finite element method [51] . The Fig. 1(b) and note that the two separated Ni films in the model used for the AEE calculations represent the two leg parts of the U-shaped Ni film]. Since the LIT experiments were performed in the frequency domain, we numerically solved the heat equation in the form of
where C, , , and Q(r) denote the specific heat, density, thermal conductivity, and heat sources. As schematically The material parameters used for the calculations are listed in Table I . For the calculations, we assumed C = 1.0 ×10 6 Jm -3 K -1 and  = 0.5 Wm -1 K -1 for the black-ink layer (note that, in Ref. [39] , the similar numerical calculation using these values well reproduces the experimental results of the AEE). We note that, in the numerical calculations, the interfacial thermal resistance between the Ni films and substrates is neglected because its contribution is much smaller than the thermal resistance of the submillimeter-thick substrate [52] [53] [54] .
To understand the behaviors of the AMPE in thin films on substrates, we calculated the temperature distribution in the model shown in Fig. 7(a) , where the width of the heat source and sink is set to be 0.2 mm.
Calculated T AMPE (= A AMPE cos AMPE ) images show remarkable broadening of the AMPE-induced temperature modulation in the substrates. Importantly, the resultant temperature distribution is strongly dependent on thermal properties of the substrate; as shown in Fig. 7(c) , the magnitude of the calculated AMPE-induced temperature modulation for the sapphire substrate is much smaller than that for the glass substrate. In Fig. 7(e) , we plot the calculated values of A AMPE on the top surface of the black ink around the center of the positive heat source as a function of  sub , showing that the magnitude of A AMPE decreases with increasing  sub and the behavior is consistent with the experimental results. The relationship between the Ni-film thickness and the AMPE-induced temperature modulation is also reproduced by the numerical calculations for all the substrates [ Fig. 7(g) ].
Next, we show the calculated temperature distribution induced by the AEE. In the model shown in Fig. 7(b) , the thickness of the heat sources and sinks was set to be 1% of the film thickness and the width is the same as that of the Ni films (= 0.2 mm). The polarity of the dipolar heat sources is reversed between the left and right Ni films according to the symmetry of the AEE in our experiments [compare Fig. 7(b) with Fig. 1(a) ]. The calculated temperature distributions show that the AEE-induced temperature modulation appears only in the vicinity of the Ni films and that the magnitude of the temperature modulation on the top surface of the sample is much greater than that inside the substrate, a situation which is similar to the temperature distribution induced by the spin Peltier effect [38] . Owing to this temperature distribution, the temperature modulation induced by the AEE in the IM configuration is hardly affected by the thermal properties of the substrates. In fact, as shown in Figs. 7(d) and 7(f), the magnitude of the calculated A AEE values on the surface of the black ink is almost independent of the substrate species, consistent with the experimental results (note that the small decrease in the AEE-induced temperature modulation for the glass sample is due to the situation that the heat loss to the substrate through the lateral edges of the Ni layer is not negligibly small as a result of comparable thermal conductivity between glass and the black-ink layer [55] ). The relationship between the Ni-film thickness and the AEE-induced temperature modulation, demonstrated experimentally, is also reproduced by the numerical calculations for all the substrates [ Fig. 7(h) ].
IV. SUMMARY
We investigated the AMPE and AEE in polycrystalline Ni thin films of varied thickness (50, 
